The homophilic nature of cadherin-mediated cell-cell adhesion provides an organism with the opportunity of altering the adhesive capabilities of its cells by selectively modulating the expression of different cadherin types. Differential cadherin expression is of major importance in regulating the cell rearrangements involved in the processes which shape tissues and organs during embryogenesis. The pregastrula embryo ofXenopus laevis expresses two maternally supplied cadherins: XB/U-cadherin and EP-cadherin. Since these two proteins are almost 92% identical at the amino acid level, it was unclear whether heterophilic interactions between them were possible. Different functional roles can only be ascribed to the two cadherins if the possibility of heterophilic binding between them can be excluded. We describe a simple and straightforward assay which can be used to assess interactions between adhesion molecules. A combination of antisense oligonucleotide and enzyme treatments eliminates endogenous cadherins in Xenopus oocytes and subsequent injection of a specific mRNA yields oocytes carrying only one or the other cadherin. After removal of the vitelline membranes, two oocytes expressing the appropriate cadherins will adhere to one another when they are placed in close contact. By scoring for adhesion in homotypic and heterotypic pairings, we demonstrate that XB/U-cadherin and EP-cadherin do not interact with one another.
Introduction
The fact that the early amphibian embryo can be dissociated into single cells by calcium deprivation was a phenomenon frequently exploited by early investigators of anuran and urodele embryonic development (Jones and Elsdale, 1963; Shiokawa and Yamana, 1967) . Other experiments demonstrating that certain types of cells could be separated from one another in calcium-free media can even be traced back to the turn of the century (Ringer, 1890; Herbst, 1900) . Although these workers could only speculate about the existence of cell-cell adhesion molecules, they had unknowingly already provided a definition for a certain class of them which requires the presence of calcium to function. Today, this class is best characterized by the superfamily referred to as the cadherins: homo-* Corresponding author. Tel.: +49 7071 601355; fax: +49 7071 601449. l These authors contributed equally to this publication. philic, calcium-dependent, transmembrane glycoproteins (for review see Geiger and Ayalon, 1992) .
Two cadherins are known to be expressed in the pregastrula embryo of Xenopus laevis: XB/U-cadherin and EP-cadherin, which is also known as C-cadherin (Choi et al., 1990; Angres et al., 1991; Ginsberg et al., 1991; Herzberg et al., 1991;  for review see Ktihl and Wedlich, 1996) . Immunoprecipitation data indicate that EP-cadherin makes up the bulk of the maternally supplied cadherin pool with XB/U contributing only a small portion . Conservation of type-specific amino acid residues and immunological cross-reactivity has placed XB/U-cadherin into a group alongside human and mouse P-cadherin and chicken B-cadherin, while EP-cadherin, despite high sequence homology to XB/U, does not fit into this group (Redies and MUller, 1994) . A maternally supplied mRNA for an isoform of N-cadherin (XmN-cadherin) has also recently been identified in Xenopus but it is not known whether this message is translated (Tashiro et al., 1995) .
That it is indeed cadherins which mediate cell-cell adhesion in the early amphibian embryo was confirmed by experiments in which cadherin expression was abolished by antisense inhibition in Xenopus (Heasman et al., 1994) .
Although these investigators designed their antisense oligonucleotides to be directed against EP-cadherin, a comparison to the XB/U-cadherin sequence, which was not available at the time, shows that the oligonucleotides are likely to have reacted with both cadherin mRNAs.
Although cadherins are generally considered to be homophilic, there have been reports of heterophilic interactions of R-cadherin with N-cadherin and of B-cadherin with a number of other cadherins, notably E-cadherin (L-CAM) (Volk et al., 1987; Inuzuku et al., 1991; Murphy-Erdosh et al., 1995) . The two maternal Xenopus cadherins have an overall sequence identity of almost 92% at the amino acid level which may lead one to believe that they also interact heterophilically, and may simply represent two redundantly expressed isoforms. X-Ray crystallography studies have recently revealed the domains on the N-cadherin molecule which are involved in hydrogen-bonding between molecules expressed on neighboring cells (Shapiro et al., 1995 ). An inspection of corresponding regions in the Xenopus isoforms displays a considerable sequence divergence even though this domain is more conserved than the rest of the molecule within other members of the family (Fig. 1) . This observation raises the interesting question of whether the two maternal proteins have diverged in a manner which would prevent them from binding to one another, thereby providing the early embryo with two functionally different cadherins.
In the course of investigations into the functional roles the two molecules play in morphogenetic processes during early development we were confronted with the task of experimentally determining whether heterophilic interactions between the two cadherins were possible. To resolve this issue, we have devised an assay based on a Xenopus oocyte expression system to investigate adhesive interactions between the two cadherins. Because of its ease of manipulation, the Xenopus oocyte has become popular as an in vivo expression system for a variety of uses including studies of receptor-ligand interactions, membrane channel functions, and a screen for signaling factors (Mishina et al., 1984; Noda et al., 1984; Lustig and Kirschner, 1995;  for review see Soreq and Seidman, 1992) . Pairing up of devitellinated oocytes has been successfully used in the investigation of proteins involved in gap-junction formation (Werner et al., 1985; Swenson et al., 1989; Dahl, 1992) . We have modified this assay by eliminating endogenous cadherin mRNA and protein by antisense and enzyme treatments, respectively. Injection of specific mRNAs yields oocytes expressing only one or the other cadherin and the oocytes can then be paired in any combination. By scoring for adhesion between the oocytes in homotypic and heterotypic pairings, we demonstrate that XB/U-cadherin and EPcadherin do not significantly interact with one another. Fig. l . Amino acid sequence identities between XB/U-cadherin and EP-, P-, and B-cadherin. The shaded region spans amino acid positions 45-87 and indicates the domain responsible for homophilic binding between cadherins. Not unexpectedly, this region is more conserved than the rest of the molecule in the P-and B-cadherin isoforms but, while the overall identity to XB/U-cadherin is high, EP-cadherin displays a considerable sequence divergence within this region.
Results

Endogenous cadherin proteins mediate adhesion between paired oocytes
Throughout oogenesis Xenopus oocytes express cadherins on their surface by means of which they presumably interact with their surrounding follicle cells. If the follicle cells are removed by collagenase treatment, oocytes reexpress cadherins on their surface after a short regenerative period (Mtiller et al., 1992) . These newly sYnthesized cadherins are probably responsible for the adhesion observed when two devitellinated oocytes are placed together (Werner et al., 1985) . To evaluate the feasibility of using oocytes in an adhesion assay, we first investigated whether this adhesion is indeed mediated by cadherins.
Oocytes obtained from ovaries by collagenase treatment were incubated overnight to allow for a reexpression of cadherins on the oocyte surface. The vitelline membranes were then removed and pairs of oocytes were placed in shallow depressions on agarose, which ensured the maintenance of a close contact between them. Oocytes were judged to adhere to one another if both of them could be lifted using a suction pipette applied to only one of them. Fig. 2 depicts a pair of adhering oocytes along with an immunofluorescent image of the contact site. It clearly illustrates that cadherins are present in the region of contact between two oocytes. The fact that certain domains within the contact area exhibit a weak staining is probably due to a close alignment of the two membranes in that region, although the surface of the oocyte is normally extensively folded into microvilli (Dumont and Brununet, 1978) .
Several treatments which are known to interfere with cadherin function prevented the oocytes from adhering to one another. In the absence of calcium ions, adhesion between oocytes was never observed. Addition of F(ab) fragments of the aXcad antibody, which binds to the extracellular portion of both maternal cadherins , to the medium also prevented adhesion. Similarly, if the oocytes were subjected to increasing concentrations of trypsin prior to the assay, a treatment which cleaves off the extracellular domains of cadherins (Hyafil et al., 1980) , Fig. 2 . Adhesion between paired oocytes. To score for adhesion the oocyte pairs were either gently pried apart or one of the oocytes was lifted up as depicted in (A). These particular oocytes were not microinjected and therefore express both maternal cadherins but oocyte pairs expressing only a single cadherin appeared superficially similar. (B,C) A phase contrast and an immunofluorescent image, respectively, of the contact site between two oocytes. The cadherins in (C) were labeled with the aXcad antibody which does not discriminate between the two maternal isoforms. A repeat of the labeling procedure with an inert primary antibody did not yield any significant staining. Bar in (A), 250 #m; bar in (B,C), 200 #m.
there was a directly proportional reduction in the ability of the oocytes to undergo adhesion (data not shown). Furthermore, oocytes which matured after progesterone treatment, and which consequently lacked cadherins on their surface (Mtiller et al., 1992) , were also not able to adhere to one another. Taken together, these findings strongly support the idea that adhesion between paired oocytes is mediated by cadherins. The antisense oligonucleotide injection experiments presented below provide further support for this notion.
Endogenous cadherin mRNA and protein can be eliminated by antisense injection and enzyme treatment
Since it was desired to replenish the oocyte with artificially synthesized cadherin mRNA, it was necessary to select an antisense-oligonucleotide which would not interfere with the injected RNA. For this reason the 3' UTR was chosen as the target site for the oligonucleotide. The first position of the selected region lies 46 bases 3' of the stop codon and this region is identical in both cadherins, allowing for the use of only one oligonucleotide to bind to both messages.
After collagenase treatment, different doses of the oligonucleotides were injected and the oocytes were incubated for various durations (Fig. 3) . Injection of the sense-oligonucleotide had no effect on the endogenous message (the different intensities observed correspond to the different intensities of the Xenopus actin probe and can therefore be ascribed to loading error). Injection of only 5 ng of the antisense-oligonucleotide resulted in a rapid degradation of the endogenous message, as can be seen in the disappearance of the 3.8 kb band and the appearance of a breakdown product of 2.7 kb after only 1 h. This fragment was fairly stable over time and, judged by its size, represents the message which remained after endonuclease cleavage of the oligonucleotide-mRNA duplex. Longer incubation times did not significantly increase the effect of the antisense treatment but a higher dosage of the oligonucleotide resulted in a more efficient degradation. The antisense treatment did not affect the injected XB/U-cadherin mRNA as a band of 2.9 kb, which corresponds to the full-length RNA together with the vector's SV40 late polyadenylation site, appeared above the breakdown product. A band of this size was also seen in EP-cadherin-injected oocytes (not shown).
Because of the site of action of the antisense-oligonucleotide, the complete coding region for translation of the protein should still be present on the breakdown product. It is likely, however, that the 3' UTR is important in translational regulation and that its deletion may prevent translation of the mRNA (Richter, 1993) . Indeed, Western blotting analysis confirmed that antisense injection prevented the synthesis of new cadherin protein (Fig. 4) . Collagenase treatment severely depletes the maternal protein complement, probably due to exogenous protease activity acting on the bulk of the cadherin pool which is integrated in the cell membrane. Under normal circumstances, this pool is quickly regenerated by de novo protein synthesis (MUller et al., 1992) . Injection of sense-oligonucleotide does not affect this process but in the antisense-injected samples, the small amount of protein that remained after collagenase digestion was virtually eliminated by normal turnover within 20 h. Injec- (S + S) and antisense with antisense (AS + AS). Only if these yielded the expected results, i.e. the sense-injected oocytes adhered to one another and the antisense-injected oocytes did not, were the remaining pairings scored. These consisted of antisense-injected oocytes which were injected with m R N A for either one of the cadherins the following day and were then paired up in the following combinations: XB/U with XB/U (XB + XB); EP with EP (EP + EP); XB/ U with EP (XB + EP). First signs of adhesion were often evident within 1 h but the oocytes were usually scored after 4 -8 h incubation, giving them sufficient time to translate the injected RNAs. By gently prying them apart with an eyebrow hair, we determined whether the oocytes adhered to one another or not. Although Levine et al. (1988) obtained best results for the formation of gap-junctions when the oocytes were placed so that their vegetal poles were facing each other, we did not observe any differences with respect to orientation of the oocytes. Fig. 5 depicts the evaluation of five repeats of the assay. It shows clearly that adhesion occurs between homotypically paired oocytes but not when XB/U-injected oocytes are paired with EP-injected oocytes.
Discussion
The paired-oocyte assay is a simple and convenient system for investigating interactions between cell-cell adhesion molecules. While the technique in itself is straightforward, we found that a crucial element for success of the assay is the quality of the oocytes. Weak pigmentation of the animal pole was usually indicative of a weak cortex which resulted in a loss of integrity of the oocyte after removal of the vitelline membrane. Spontaneously matured tion of either cadherin m R N A into the oocytes after antisense treatment yielded bands of approximately equal intensity, regardless of when the samples were taken. This confirmed that construct expression is not affected by antisense.
A paired-oocyte assay reveals homophilic binding of the maternal cadherins
A crucial aspect of the paired-oocyte assay was that it was essential that all endogenous cadherin be eliminated before the oocytes were paired up. We soon discovered, however, that there was a considerable variability in the efficiency of the collagenase treatment to abolish the maternal protein pool, an observation which we ascribe to differences in protein complement between batches of oocytes. To ensure that no remaining endogenous cadherin interfered with the evaluation of the experiments, a Western blot was performed together with each paired-oocyte assay.
Each assay consisted first of the two control pairings injected only with the oligonucleotides: sense with sense oocytes, which can be readily detected by the presence of a maturation spot, also had to be discarded. The variability in the amount of cadherin protein complement also posed a problem since the collagenase treatment alone was not always sufficient in the elimination of the endogenous cadherins. This could sometimes be circumvented by an additional trypsin treatment. While the antisense experiments seem to indicate that adhesion is mediated solely by XB/ U-and EP-cadherin, the residual adhesion sometimes observed might be attributable to expression of XmNcadherin (Tashiro et al., 1995) . A neutral glycolipid which has been implicated in cell-cell adhesion in the early embryo may also play a role in this assay (Turner et al., 1992) . Since the entire coding region remained essentially intact after endonuclease cleavage of the mRNA-oligonucleotide duplex, and this product was stable over time, we initially feared that translation of the message would still occur. It has previously been shown, however, that antisense RNA directed against the 3' UTR can prevent the activation of dormant RNAs in mouse oocytes (Strickland et al., 1988) . These experiments illustrate the importance of the 3' UTR in regulating protein expression (reviewed in Richter, 1993) . XB/U-cadherin mRNA, in particular, has been shown to contain cytoplasmic polyadenylation elements in its 3' UTR which are likely to be involved in initiating its translation (Ktihl and Wedlich, 1995) . Targeting the 3' UTR is in many ways favorable over targeting the coding region for many applications of antisense approaches. If cross-reactivity of the oligonucleotide between highly homologous isoforms is a problem, selecting the 3' UTR may allow for greater specificity since this region is usually less constrained than the coding region or the 5' UTR (Vassalli and Stutz, 1995) . Furthermore, it allows 'rescue' experiments to be performed in which the effect of the antisense-injection can be negated by co-injection of the respective full-length RNA with a different 3' UTR.
Because of the relatively large area of the contact site, the paired-oocyte system is amenable to detailed ultrastructural investigations including electron microscopic analysis and freeze fracture techniques. The latter has already been used to illustrate the formation of gap junctions and tight junctions between paired oocytes (Werner et al., 1985) . While gap junctions and their protein constituents have been extensively studied in this system, it should also be possible to analyze the components involved in the formation of fight junctions and adherence junctions. Immunocytochemistry could be used to identify domains which particular molecules are localized to or excluded from. The electron microscope could be helpful in investigating ultrastructural differences after injections of constructs which are believed to influence cell-cell adhesion.
While we only scored adhesion as positive or negative in this assay, we noticed that there were also qualitative differences in the adhesion between different pairings. Homotypic EP-cadherin pairings, for example, were easier to pry apart and usually had smaller contact areas than XB/U-cadherin pairings, an observation which may suggest that XB/ U-cadherin homophilic binding is the stronger of the two. It is not unrealistic that the assay could also be used for measurements of adhesive strength. This would require an apparatus which gauges the force needed to pry two oocytes apart and would thus provide a measure of the adhesive potential between two ligands. It is, furthermore, feasible that the assay could be used to screen for ligands of known adhesion molecules by injecting mRNA of the known molecule into one oocyte and injecting pools of RNA synthesized from a cDNA library into the second oocyte. Today, dominant negative or chimeric molecular constructs of all sorts are frequently used to analyze an adhesion molecule' s function directly in an embryo or cell-culture system, where phenotypes are often difficult to interpret. It makes sense to first test the molecular interactions of the construct in a simple system detached from all regulatory mechanisms occurring in embryos and culture cells.
We have demonstrated that the two maternally supplied cadherin isoforms of the early Xenopus embryo do not interact with one another in a heterophilic fashion and therefore probably represent functionally different molecules. These results imply that the two cadherins are not redundantly expressed isoforms and this is helpful in further investigations concerning the functional roles of these adhesion molecules during morphogenetic processes such as cell migrations and segregations during development.
Experimental procedures
Northern blotting
Oocytes
Pieces of ovary from Xenopus laevis females were digested with 3 mg/ml collagenase (Sigma, type 1) in Ca2+-free OR2-(87 mM NaC1, 2.5 mM KC1, 1 mM MgClz, 1 mM Na2HPO4, 5 mM HEPES pH 7.8, 10/zg/ml streptomycin, 10/~g/ml penicillin) for 2-3 h at 28°C until oocytes were free of surrounding connective tissue. The oocytes were washed several times with OR2+ (OR2-contalning 1 mM CaC12) and full-grown St. VI oocytes (Dumont, 1972) were selected for microinjection.
Oligonucleotides
Oligonucleotides were purchased from Pharmacia Biotech, Germany, and were dissolved in sterile water. For the antisense treatment, an oligonucleotide was chosen which is directed against a sequence in the 3" untranslated region (3' UTR): 5'-G*C*A*A*AGGTTAAGTG*T*G*-G'C-3' (* represents a phosphorothioate linkage). This sequence spans positions 2766-2784 on XB-cadherin and positions 2690-2708 on C-cadherin, as published in the GenBank database, and it represents a region in which both cadherins are identical. A complementary sense oligonucleotide was used for control purposes.
RNA
mRNA for both cadherins was synthesized with the SP6 Message Machine kit (Ambion) using full-length cDNAs in pCS2 + vectors as templates. The RNA was resuspended in sterile water and was quantified by comparing fluorescence intensity to a marker with a known concentration on an ethidium bromide-stained agarose gel. Three #1 aliquots were stored at -70°C.
Microinjection
Selected oocytes were placed in 4% ficoll-400 (Sigma) in OR2+. Calibrated needles were loaded with the oligonucleotide solution and 10-40 nl were injected into the equatorial region of each oocyte. After assessing the effects of different dosages, it was decided to use 20 ng of oligonucleotide per oocyte for all following experiments. The oocytes were left in the ficoll solution for 2-3 h, after which they were washed, placed in OR3 (50% Leibovitz's L-15 medium (Gibco), 15 mM HEPES, 50 /zg/ml gentamycin) and incubated overnight at 18°C. In some cases the oocytes were treated with 0.1% trypsin in OR2+ for 20 min after microinjection to eliminate any remaining membrane-bound cadherin. The following day a number of the antisense-injected oocytes were injected with 1 ng RNA and were then used in the palred-oocyte assay.
Total RNA was extracted from oocytes according to Ellinger-Ziegelbauer and Dreyer (1991) . RNA was separated on denaturing formaldehyde agarose gels and transferred to 'GeneScreen' nylon filters (DuPont). Two oocyte equivalents were loaded per lane. A 1.0 kb EcoRI-BamHI and a 1.2 kb BamHI-HindlII fragment of EP-cadherin were 32p-labelled by random priming and were hybridized to the filter overnight at 65°C. Because of the high identity between XB/U-and EP-cadherin, the probe hybridized equally well to both cadherins. Filters were washed in 2x SSPE (1 x SSPE= 150 mM NaC1, 10 mM NaH2PO4, 10 mM EDTA, pH 7.4) + 0.5% SDS for 2 x 15 min and in 0.1 x SSPE + 0.1% SDS for 30 min. Autoradiographs were obtained by exposure onto Cronex (DuPont) X-ray film at -70°C. The filters were re-hybridized with a 1.1 kb KpnI-HindIII Xenopus actin probe after the EPcadherin probes had decayed.
Western blotting
Protein extraction, SDS-PAGE and Western blotting were performed as described (MUller et al., 1994) . Three oocyte-equivalents were loaded per lane and uniformity of loading-was assessed by staining the blot with 0.2% Ponceau S (Sigma). Protein was detected using the c~Xcad polyclonal antibody, which recognizes both XBAJ-and EPcadherin . The nitrocellulose filter was incubated with 0.8/zg/ml of the antibody in PBS containing 10% low-fat milk powder. The peroxidase-coupled secondary antibody (Dianova) was used at 160 ng/ml and was detected using the ECL Western blotting detection system (Amersham).
Paired-oocyte assay
Vitelline membranes of injected oocytes were removed using fine forceps. To facilitate removal of the membranes, oocytes were sometimes placed in 4% ficoll-400 in OR2+ until the vitelline envelopes detached from the oocyte membrane. Pairs of oocytes were then placed in 96-well microtiter plates in which the wells had been filled almost to the brim with 1% agarose. The resulting concave depression ensured that the oocytes remained in contact during the ensuing 4-8 h incubation in OR3. Adhesion was assessed by lifting one of the oocytes or by gently prying them apart and scored as positive or negative. For a few of the assays, the oocytes were kept in OR2-, or F(ab) fragments of the c~Xcad antibody were added to the OR3 medium to a final concentration of 50 /zg/ml. In other assays, oocytes were treated with trypsin (Sigma) in concentrations ranging from 10-5% to 1% for 5 min prior to pairing, or they were subjected to 2 /zg/ml progesterone (Serva) and were placed together after the appearance of maturation spots.
Immunofluorescence
Paired oocytes were fixed in 25% DMSO in methanol overnight at -20°C. The specimens were rehydrated in PBS and blocked in 20% normal donkey serum in PBS, followed by an overnight incubation with 8.3 #g/ml aXcad. Cy3-conjugated secondary and tertiary antibodies were purchased from Dianova. After labeling, the specimens were post-fixed with 3.7% formaldehyde after which they were dehydrated in 3,2-dimethoxypropane and embedded in glycolmethacrylate (Technovit 7100, Kulzer, Germany) according to manufacturer's instructions. After sectioning, the specimens were viewed with a Zeiss Axioplan microscope equipped with epifluorescence optics.
